We used the cumulative misfit method to divide a data set with heterogeneous stress orientations into subsets with homogeneous stress directions. We propose that slope changes of the cumulative misfit as a function of earthquake number pinpoint the boundaries of homogeneous stresses. Using a synthetic data set of 50 fault plane solutions, composed of two halves corresponding to two incompatible stress tensors, we tested the validity and efficacy of the cumulative misfit method. Our acceptance criteria for results of stress tensor inversions are
Introduction
In this paper, we deal with three separate but related subjects: we test the validity of the cumulative misfit method to identify boundaries between different stress regimes, we estimate details of the stress directions in a subduction zone, and we compare stress directions estimated based on small and large earthquakes. We show in detail for a synthetic data set with heterogeneous stress directions how to select homogeneous subsets, thereby indicating the validity of the cumulative misfit method [ Wyss and Lu, 1995 [Kissling and Lahr, 1991; Lahr et al., 1993 Lahr et al., , 1994 . Some detailed analyses of subducting slabs, which have concentrated on mapping the P and T axes [e.g., Lahr et al., 1993 Lahr et al., , 1994 Iguchi et al., 1995] , found variations in these parameters. However, it is not necessarily correct to interpret the P and T axes as the directions of the greatest and least principal stress because earthquakes could occur along faults that are preexisting planes of weakness [McKenzie, 1969] . In a preliminary study, Liet al. [1995] found differences in stress directions within volumes defined on the basis of geographical distribution of hypocenters in the Alaska WBZ. In this paper we investigate the details of the stress directions in the Alaska WBZ on scales of a few tens of kilometers. We use the focal mechanisms of earthquakes, instead of P and T axes, to resolve stress directions in the slab. We apply the cumulative method [ Wyss and Lu, 1995; Lu and Wyss, 1996] show how large and small faults may perturb the regional stress field and lead to locally varying stress regimes. In the meantime, a basic assumption for the inversion of fault plane solutions to estimate stress direction is that all earthquakes occur in response to a single stress tensor. Thus, if we mix fault plane solutions from volumes with different stress directions, our results will be invalid, but we may not recognize this condition [e.g., Michael, 1987] . Therefore it may not be advisable to mix small and large earthquakes in data sets to be inverted, even if they are located in the same area. Inverting fault plane solutions for stress directions in Sicily, Caccamo et al. [1997] noticed that large and small earthquakes in the same area do not always conform to the same stress tensor.
One of the key questions of the scale that arises in seismology is: What is the relationship between the rupture dimensions of earthquakes and the dimensions of the stress field that generate these earthquakes? We suspect that it is not likely that ruptures along substantial segments of large faults reflect local perturbations of the stress field. Instead we expect them to respond to the large-scale overall stress field. We define "large earthquakes" as Ms .
• 5, having rupture dimensions of about 10 km. The small earthquakes (Moe • 3) we describe in this investigation have source dimensions of a few hundred meters. These small earthquakes could occur in response to the overall stress field just as large earthquakes do, if they occur in volumes that are not perturbed. However, because of their small dimensions they can also reflect local perturbations of the stress field. If we have enough small earthquakes in such a volume, we may then derive the locally perturbed stress directions by inversion. Because of the limitation of the number of the earthquake focal mechanisms we have, we could only subdivide the data set into two categories with Ms • 5 and Moe • 3, respectively. In this paper, we invert the fault plane solutions of large and small earthquakes in Alaska separately. This separation has the advantage of examining the same area at two different length scales. We subdivide the data set as a function of space, with the aim of finding homogeneous sets that define the stress directions in relatively small volumes and ensuring that the assumption of homogeneity is fulfilled. principal stresses, respectively).
Stress Tensor

Criteria for Successful Inversions
We propose that the average misfit F is made up of two components: (1) a contribution from errors in the fault plane solutions and (2) heterogeneity in the stress field that caused the earthquakes in the data set. Thus we subdivide the data set until we find the smallest possible average misfit F in any subset of the data containing the minimum number of events we require to attempt an estimate of stress directions (usually N • 15).
Assuming that the quality of fault plane solutions does not vary significantly as a function of space, we surmise that every inversion will result in an F that contains approximately Fmin due to errors in fault plane solutions, and the rest, Ftect, will be due to heterogeneity of the tectonic stress field. Hence we can write F -Fmin + Ftect
If Ftect is smaller than a threshold, we may term the data set satisfactorily homogeneous; if it is larger, we will reject the inversion result as one contaminated substantially by heterogeneity. We estimate Fmin by selecting from our large data set of several hundred earthquakes a subset for which Ft•ct may approach zero or be negligibly small. We will assume that the smallest F we obtain for any subset, using a number of events large enough to obtain a stable solution (usually N • 15), will be an indication of Fmi•, provided that this value is less than 6 ø Gillard et al., 1996] . This requirement is based on the observation that synthetic data sets with errors of 15 ø (average of the uncertainties in the strike, dip, and rake) lead to F The cumulative misfit method [Wyss and Lu, 1995; Lu and Wyss, 1996 ] is used as a tool to find volumes containing homogeneous data sets. In this method we use a test stress tensor to calculate the misfit for every earthquake in the data set. We plot the cumulative misfit of sequential events as a function of distance along strike (or depth or time if these parameters are of interest) expecting to see changes in slope of this curve (i.e., changes in average misfit) wherever the orientation of the stress tensor changes. For the segment of the data set for which the test tensor is the best solution, the misfits will be small (i.e., the slope of the cumulative curve will be low), but for neighboring segments for which the test tensor is not correct, the misfits are likely to be larger, leading to a steeper slope of the curve [Wyss and Lu, 1995; Lu and Wyss, 1996] . The contrast between slopes in segments with different stress tensors depends in a nonlinear way on the choice of the test tensor. In particular, we may not be certain that we have found all existing boundaries between realms of different stress directions. However, where we find a statistically significant contrast between average misfits, we have successfully defined a boundary, if we can also show that F in separate inversions of the subsets is significantly lower than F of the joint data. The statistical significance of the difference between segments is measured by the standard deviate z test [Wyss and L u, 1995; Lu and Wyss, 1996] . We use several test tensors to define homogeneous subsets and use the average of estimates of the slope changes of the cumulative misfit curves for possible stress segmentation boundary locations.
Test of Cumulative Misfit Method
To demonstrate the validity of the cumulative misfit method for detecting difference in stress orientations, we applied it to a synthetic data set containing two incompatible subsets. We created two data sets with 25 events in each group. We first randomly picked 25 events from our subset 8 in Table I and 25 events from subsets 1, 2, and 3 in Table I . We do not propose F-6 ø as a magic number that always separates homogeneous from heterogeneous sets. Rather we view it as an approximate limit, since the size of the two terms that make up F in equation
(1) is unknown. Because average misfits up to 6 ø can in general be attributed to reasonably small errors in fault plane solutions (15ø), solutions with F _< 6 ø cannot be rejected. Therefore we accepted solutions with F _< 6 ø as satisfying the assumption of homogeneity and as meaningful, as long as the 95% confidence regions for the greatest and least principal stresses do not overlap. Solutions with misfits in the range 6 ø < F < 7.5 ø were accepted if the principal stresses are resolvable at the 95% confidence level, although they probably contain a moderate amount of heterogeneity. Inversions for stress directions resulting in F >_ 7.5 ø were rejected because they violate the assumption of homogeneity to a degree that is unacceptable. Beroza and Zoback [1993] and Zoback and Beroza [1993] in their studies of the stress orientation associated with the Loma Prieta earthquake and its aftershocks, accepted ntisfits of more than 10 ø. Our view is that values of this magnitude most likely reflect heterogeneity of stress directions in the data, considering that the fault plane solutions in the study area should be of high quality. Table 1 ). Table  1 ). Thus we cannot define the stress directions at the northern apex of the Denali fault (dots in Figure 6 ). In Figure 6 ) and the misfit is small (F = 3.8 ø, set 2N When shallow earthquake cluster 1, near Mount McKinley, was subdivided, we found two sets with acceptably small average misfits (sets 1W and 1E, Table 1 ). However, the result for the eastern part (set 1E, Table 1) I,•,,I,,,,I,,,,I,,,,I .... I, Table 1 ). In some cases, several events located near the segmentation boundaries are excluded from the final inversions of both neighboring segments because these events do not fit either of the stress tensors of the neighboring segments. For some of the subsets the constraint of the principal stress axes was unsatisfactory (e•g., the northern set in the depth range 40-50 km, into three subsets were necessary to reduce the misfit 'from an unacceptably large value of 8.5 ø to 3.3 ø, 4.0 ø, and 5.0 ø in the three subsets. These misfit values indicate that stress directions can be interpreted as homogeneous in these volumes. The data set of small earthquakes had to be subdivided into 25 subsets for satisfying the condition of homogeneity. For 20 of these data sets the inversions yielded meaningful results with reasonably well constrained stress directions. The estimated stress directions show some similarities, but some of them also differ significantly based on the distribution of the 95% confidence regions of the greatest and least principal stresses. They reveal a picture of complex stress orientations in the subducting slab under Alaska, especially in and near its pronounced bend.
Stress Directions
An invalid s•ress •ensor may be obtained if the data are composed of sets from more than one volume wi•h significamly differen• s•ress orientations, and •his solution may not readily be identified as incorrect
•he area near Fairbanks the s•ress directions are well constrained (diamonds in
There are 15 large shallow WBZ earthquakes with fault plane solutions in Alaska. The orientations of the principal stresses (set La in Table I The stress directions in the WBZ below 40 km present a simple picture if defined by large earthquakes only but a more complex one if estimated from small earthquakes. In the latter case, different stress directions are found in most volumes with homogeneous stress orientation. The dimensions of these volumes are typically 10 to 30 km in depth and 50 to 100 km along strike ( Figure  14 ). An unusual feature of the solution derived from the large earthquake data set is that the orientation of the greatest principal stress is parallel to the strike of the WBZ. This is unusual because the typical fault plane solution in deep seismic zones has the intermediate stress Out of the 23 volumes within which we had enough earthquakes to locally define the stress directions, five showed unacceptable results (areas shaded in Figure  14) . Either the average misfits or the confidence areas were too large to be accepted as meaningful. Most of the remaining 18 solutions were statistically different from each other at the 95% significance level. In the stereographic projections the areas of the confidence levels of one or two principal axes do not overlap. Some of these differences are pronounced, resulting in a generally heterogeneous picture of stress directions ( Figure  14) . Nevertheless, there are some parts of the WBZ in which neighboring solutions are similar. For example, near the deeper northern end of the WBZ volumes 7d, 8d, and 9c show enough similarity that one may consider them approximately the same (Figures 10, 11, 12,  and 14) .
In the Aleutian WBZ, complexity of stress directions similar to those we found probably exist as well. Reyners and Coles [1982] subdivided their data set of first motions into five subsets in order to obtain reasonably consistent patterns for composite fault plane solutions for small earthquakes in the WBZ of depths between 50 and 250 km beneath the Shumagin Islands.
We conclude that the basic stress field of downdip extension is modified throughout the WBZ under Alaska. The modification is most pronounced in the bend of the strike. Within the bend, volumes with dimension of 10 to 20 km do not satisfy the condition of homogeneity necessary for inversion of the stress directions (e.g., shaded volumes among sets 8b, 8c, and 8d in Figure 14) . Table I and Figures 6 and  14) . Inversions of the data from the eastern part of this cluster (set 1E in Table 1 ) did not lead to meaningful results, as the stress directions were too poorly constrained (Figure 13) . We compared the uncertain- . This assumption should be tested by inverting the small and large earthquakes in a common area separately. We found that for the area between Anchorage and Valdez, inversion of large and small earthquakes from the same volume yielded approximately the same stress tensor. In this case, we argue that both results are valid, they confirm each other, and the large as well as the small earthquakes respond to the regional (dimension of 100 km) stress field.
In the WBZ below 40 km we found well-constrained stress directions for the large earthquakes with a satisfactorily small misfit. Since these shocks were distributed in most of the WBZ, we accept that result as valid for the WBZ under Alaska as a whole. In contrast, the 384 small earthquakes in the WBZ had to be subdivided into 21 subsets to satisfy our criteria for satisfying the assumption of homogeneity. Most of the 18 wellconstrained results showed significant differences from each other and from the overall solution based on the large events. We conclude that the large-scale stress directions in the WBZ measured by the large events are seemingly uniform but that a great deal of stress perturbations exist in the descending slab at smaller scales, which can only be resolved by inversion of fault plane solutions from small earthquakes.
The rupture dimensions of the small earthquakes we used (Moe •0 3) are a few hundred meters, approximately. The dimensions of the volumes within which we found homogeneity vary from about 10 to 100 km. The ruptures of the large earthquakes we used are approximately 10 km long (Ms •0 5), whereas the stress field sensed by these events seems to be homogeneous over 300-km dimensions. For small earthquakes in Hawaii (ML •0 3), homogeneity in cubes of the crust with dimensions of about 10 km was found [Gillard et at., 1992 [Gillard et at., , 1996 , whereas in Iran, homogeneity in volumes ranging up to 1000 km length was found when studying ruptures longer than 20 km (Ms > 6) [Gillard and Wyss, 1995] .
The ratio of the dimensions of the homogeneous stress field to the ruptures in all of these cases is similar and approximately 20 to 50. We therefore propose that in inversion of fault plane solutions for stress directions, as performed here, one estimates the stress field in general in an area with dimensions about 20 to 50 times larger than the rupture dimensions of the earthquakes. Also, small earthquakes have the alternate option to sense the overall stress field that has dimensions more than 100 times larger than their ruptures.
Conclusions
The cumulative misfit method proposed by Wyss and Lu [1995] and Lu and Wyss [1996] is capable of defining segments with homogeneous stress directions along major fault systems or plate boundaries. Both, the results from the test on synthetic data sets and the application to data from the Alaska WBZ, indicate that the method permits defining regions with homogeneous stress directions. This does not mean the method will always succeed. In its present form, the cumulative misfit method is best suited for application to "belts" of seismicity where the earthquakes are narrowly distributed along a major tectonic feature such as a fault or plate boundary. A logical next step is to adapt the method for a situation where the seismicity is distributed diffusely over a wide area. Also, we found one area where very rapid stress changes made it impossible to obtain subvolumes with sufficient numbers of fault plane solutions to resolve the stress tensor orientation and where the cumulative misfit method did not provide information about additional segmentation.
The criteria for accepting a stress tensor, obtained from inverting earthquake focal mechanisms, are (1) the average misfit of the inversion is less than 6 ø [Wyss et at., 1992; Gillard et at., 1996] and (2) the 95% confidence regions of the greatest and least principal stress directions are well constrained. Applying the cumulative misfit method to the Alaska WBZ, we found that the average misfit of at least one of the two new data sets was reduced after dividing a data set. The most typical result of subdividing, using this method, was that F of both subsets were reduced by about a factor of 2. Therefore we conclude that this is a useful method for finding discontinuities in stress directions.
The smallest misfit that can be found in a subset should be calculated in any study of inversion for stress directions, as a gauge of the quality of the fault plane solutions. In Alaska the smallest misfits were about 3.2, suggesting that the quality of the fault plane solutions in Alaska is comparable to those in Hawaii, California, Iran, and the Aleutians. 
